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Abstract 
The absorption kinetics of CO2 in aqueous solutions for low superficial loadings have been measured with a droplet 
train reactor. A well defined stream of uniform droplets was exposed to an atmosphere with exactly known CO2 
concentration. Based on the short gas-liquid contact time within the reactor and a sensitive volumetric measurement 
of the CO2 flux the analysis of CO2 mass transfer in the liquid droplets was performed for small liquid loadings. 
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1. Introduction 
Most kinetic studies on absorption processes employ a defined reaction chamber with a well known 
contact surface and exposition time. Often within these setups a circular flow for the examined liquid is 
used. By knowing the gas- and liquid-phase reactand concentrations kinetic studies within this system are 
possible. These are well qualified for investigating the dependence of the mass transfer rates within fairly 
large intervals of temperature, fluid phase reactand concentration and liquid loading. The advantage of 
these methods is their capability of measuring the absorbed amount of CO2 in the liquid for the entire 
range of possible loading within one experiment. On the other hand their disadvantage lies within their 
low time- and therefore also loading-dependent resolution for very small amounts of absorbed CO2.  
To overcome these problems a very sensitive volumetric measurement of the absorbed amount of CO2 
is used in combination with a droplet train reactor. There well defined stream of uniform droplets is 
exposed to an atmosphere with exactly known CO2 concentration. By keeping the streaming in and out 
liquid mass flows constant all changes in the amount of gas molecules within the atmosphere in the 
reactor can be contributed to ad- and absorption processes of the gas components with the examined 
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liquid. Due to the very low absorption affinity of N2, which was the only other gas component next to 
CO2, all volume changes can be contributed to the interaction of CO2 with the liquid.  
2. Experimental 
In order to examine the absorption kinetics of CO2 in aqueous solutions for small loadings a droplet 
train reactor was employed. To measure even smallest amounts of absorbed CO2 a foam film meter was 
used. 
2.1. Criteria 
To obtain an accurate determination of the liquid side mass transfer without influences of a gas phase 
transport limitations the following criteria have to be fulfilled for each experiment. 
 As stated earlier: all volumetric changes in the reactor are contributed to the ad- or absorption of CO2 
in the liquid (experiments with nitrogen or helium only showed no measurable change in the gas phase 
due to absorption processes) 
 The gas was saturated with water at the experimental temperature before entering the reactor 
 Only small amounts of CO2 were absorbed in order to prevent a significant warming of the liquid due 
to the heat of absorption 
 The possible CO2 flux by diffusion in the gas phase towards the gas-liquid interface has to be 
significantly larger than the flux of absorbed CO2 
 The reactor has to be effectively isobaric 
2.2. Experimental set-up 
The experimental apparatus used is a modification of the laminar jet apparatus described by 
Ramachandran et al [1]. In contrast to [1] here a droplet train instead of a laminar jet was used to create a 
defined gas-liquid interface. A train of uniform liquid droplets was created by an AC voltage on a 
vibrating orifice. Here a piezo element is used to create a periodic increase and decrease of the liquid flow 
rate. Therefore droplet frequency is similar to the AC frequency. With an exactly determined liquid feed 
rate the droplet volume can be derived as. 
 
 
          (1) 
 
 
The entire interface area is then given by the droplet frequency, the droplet train length and the speed 
of the droplets. 
Furthermore a compensation vessel was installed after the foam film meter. It was filled with the same 
atmosphere as the reactor for each experiment to prevent any diffusion effects within the foam film. 
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2.3. Droplet characterization 
In order to define the droplets surface, shape and volume one has to know their appearance and fluid 
dynamics. The characterization of their shape, possible breakup and inner fluid dynamics can be 
performed via dimensionless numbers. In the first approximation all these numbers were calculated in 
case of pure water droplets. 
According to Mersmann et. al. [2] the shape of a liquid droplet within another fluid phase can be 
described by the relation of the particle Reynolds number and the quotient of the Weber and Froude 
number. 
The droplet breakup within a jet can be described by the relation of the Ohnesorge and Reynolds 
number [3]. 
The description of the inner fluid dynamics and circulation of liquid droplets is fairly complex. 
Nevertheless there is a sharp barrier for very small droplets defining the critical diameter [4] after which a 
significantly inner circulation can be observed. Smaller droplets can be described as solid spheres in a 
good approximation. 
The calculation results for these numbers for the system of water droplets in a CO2/N2 atmosphere are 
given in Table 1. 
Table 1. Dimensionless numbers  
Dimensionless number value 
Re 8,7 
Fr 4 
We 0,9 
We/Fr -5 
Oh -3 
Checking the validity of these values in [2]-[4] one can make the following assumptions to describe 
the droplets created in this apparatus in a good approximation. 
 The droplets have a spherical shape without a significant deformation 
 There is no significant breakup of the created droplets except for the forced breakup due to the AC 
voltage 
 The droplets in these experiments are by far smaller than the critical diameter for a significant inner 
circulation for water droplets by the given velocity. Therefore they can be described as solid spheres 
with a liquid side boundary layer. 
2.4. Experimental parameters 
Table 2 shows a short summary of all relevant, experimental parameters 
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Table 2. Experimental parameters 
parameter value unit 
temperature 298 K 
absolute pressure 1 bar 
CO2-partial pressure range 0,05-1 bar 
liquid flow rate 216,6 mL/h 
droplet diameter 0,291 mm 
droplet volume -2 mm³ 
droplet velocity 7,573 m/s 
length of droplet train 0,13 m 
contact time -2 s 
2.5. Experimental procedure 
First of all a stable jet of droplets was created without contaminating the inner reactor walls. Then, 
before each experiment, the reactor was tempered and purged with gas of the defined experimental 
composition (total pressure 1 bar, CO2 partial pressure 0,05-1 bar). For each single measurement, the gas 
feed was closed and the volume decrease of the gas phase was recorded over 5-30 s with the foam film 
meter. After each experiment the reactor was again purged with the experimental gas composition to 
prevent a CO2 dilution in the gas phase due to the absorption in the liquid phase. Experiments were 
carried out under varying the reactand in the liquid phase, its concentration, its loading, the droplet train 
length and the CO2 partial pressure in the gas phase. 
Each set of variables was at least measured twice depending on the results deviation. All following 
values are the mean values of the measured data with a general deviation of <3 % and an experimental 
uncertainty of <10 %. 
3. Experimental results 
     All experimental results are based on the experimental procedure explained in 2.5. and employ, if not 
noted differently, the experimental parameters shown in Table 2. Fig. 1 shows the measured CO2 fluxes 
at the given parameters into a 1 mole/L piperazine solution. 
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Fig. 1: CO2 flux into a 1 mole/L piperazine solution depending on the CO2 partial pressure 
 
Here it is obvious that the flux shows, as expected a nearly linear dependency on the CO2 partial 
pressure. Nevertheless the values for lower partial pressures are slightly increased. The slope of the linear 
fit function through the zero point derives the mass transfer rate. Here 0,1918 mol/ bar m² s. Comparing 
this and other similarly calculated values for other reactands to literature values shows a good agreement 
within the experimental uncertainties. 
 
To each measurement shown in Fig. 1 a certain loading can be calculated that is attained within the 
experiment for the liquid. This loading is simply given by the quotient of the CO2 absorption flux [mol/s] 
and the liquid feed rate [L/s] deriving the CO2 concentration in the liquid. Regarding the amine 
concentration in the liquid the CO2-amine-ratio can directly calculated. 
This was performed for the values of Fig. 1 and is shown in Fig. 2. 
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Fig. 2: CO2 mass transfer rate into a 1 mole/L piperazine solution vs. the corresponding loading 
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Here the slightly increased fluxes, shown in Fig. 1, lead to a significantly increased mass transfer rate. 
The dependency on the liquid loading furthermore shows, that this effect obviously only occurs for low 
partial pressures, i.e. low CO2 loadings in the liquid. A possible reason for this effect can be seen in a fast 
preceding adsorption step of the CO2 molecules on the liquid surface.  
To clearly assign this effect either to the low CO2 partial pressures, i.e. smaller coefficients of 
restitution or to the low CO2 loadings in the liquid experiments with differently preloaded solutions were 
performed. Fig. 3 shows the results of these experiments for different 1 mole/L piperazine solutions with 
different preloadings (X=0; 0,1; 0,2; 0,28; 0,7 mole/mole). 
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Fig. 3: CO2 mass transfer rate into a 1 mole/L piperazine solution vs. the corresponding loading for different preloadings 
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Here it can be seen that the effect of increased mass transfer rates occurs for all measurements, 
independent from the preloading. Nevertheless the effect decreases as the preloading increases. One may 
correlate all the drawn points without the strongly increased values and obtain a loading dependent mass 
transfer graph similar to those obtained from wetted wall columns or laminar jet absorbers with a circular 
liquid flow. The presence of these increased mass transfer effects for low partial pressures and very short 
contact times, independent of the liquid loading, indicates a liquid side mass transfer resistance for the 
CO2-amine reaction as all amine in the boundary layer is slowly depleted. 
To judge this, one may instead of the liquid loading [mole CO2/mole amine] also consider the 
superficial molecular density of CO2 molecules on the droplet surface. Figure 4 shows the schematic 
definition of the loading at which the mass transfer increase was noticeable. Here the mass transfer 
increase can be correlated to a loading of about 0,072. 
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Fig. 4: CO2 flux into a 1 mole/L piperazine solution depending on the CO2 partial pressure 
 
This matches a surface 15 molecules/cm², i.e. 20 mono layers of molecules. 
This quite high value can be explained by the co-existence of reaction and diffusion of the reactive 
partners to the bulk of the droplets.  
As stated earlier the droplets are assumed to be solid spheres without significant inner circulation. 
Therefore usual boundary layer assumptions can be made. By calculating the penetration depths of CO2 
molecules in the droplets within the short contact time, it can be seen, that the CO2 only penetrates a very 
thin shell of the droplets of about 8,22 -4 mm. As the droplet radius is by two magnitudes higher, the 
effectively reactive volume of the droplet makes only about 8,3 % of the entire droplet volume.  
To control the assumption of a significant liquid side mass transfer resistance mass transfer increases 
were correlated to the corresponding superficial molecule densities for different reactands and 
concentration. The same scheme as shown in Fig. 4 has been applied. 
Fig. 5 shows this correlation (mass transfer rate before its increase for low partial pressures and its 
corresponding molecule density) for different solutions of different concentrations. 
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Fig. 5: CO2 mass transfer rates vs. superficial molecule densities of different solutions 
 
Interestingly here can be seen, that higher mass transfer rates obviously also coincide with higher 
molecule densities, before a significant decrease occurs. Furthermore it has to be said, that the reactand 
concentration for one class of reactand i.e. MEA or piperazine is increasing for each shown point in the 
diagram from the left to the right of the diagramm. This also indicates, that a higher reactand 
concentration and therefore also a higher reactand concentration at the liquid surface leads to a higher 
CO2 density at the liquid surface before the mass transfer rate decreases. 
4. Concluding remarks 
It has been possible to measure absorption fluxes for aqueous solutions with different reactands at 
298 K for different CO2 partial pressures ranging from 0,05 to 1 bar. All these experiments were 
performed with an experimental uncertainty of less then 10 % and a mean deviation of less then 3 %. 
Correlating the measured absorption fluxes with their corresponding partial pressures showed a 
proportional relation between these values. Only at lower partial pressures slightly increased fluxes were 
measured. These increased fluxes lead to significantly increased mass transfer rates for these low 
pressures. Here it has to be noted, that this is for now only sustainable for very small loadings and contact 
times, i.e. a very low superficial CO2 exposure.  
The examination of the loading dependency of this phenomenon has shown that it also occurs, even if 
the solution has been partly saturated with CO2 and therefore the concentration of reactive educts has 
been reduced already. Concerning higher loadings, the effect decreases as the solutions loading increases 
but does not disappear. 
Here it could be shown, that the attainable superficial loading before a significant mass transfer rate 
decrease is dependent on the liquid phase reactand concentration (as shown in Fig. 4). All these results 
indicate a liquid side mass transfer resistance. This is, due to the strongly increased mass transfer rates for 
a low superficial exposure, not that highly developed, as the in this case the absorption process is not yet 
limited by the reactand diffusion of the non volatile component to the boundary layer of the liquid. 
 
Concerning the four different absorption regimes introduced by Astarita [5] the presented data show 
the transition between the fast reaction (no limitation due to a decreasing non volatile componenten 
concentration in the boundary layer) and instantaneous regime, as the concentration of the non volatile 
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component in the boundary layer becomes increasingly lower than the bulk concentration throughout the 
absorption process. This therefore results in significantly decreasing mass transfer rates and CO2 fluxes. 
 
Nomenclature 
 
a mass transfer rate 
d diameter 
f frequence 
Fr Froude number 
j flux 
MEA Monoethanolamine 
NaOH Natriumhydroxide 
Oh Ohnesorge number 
p pressure 
p(CO2) partial pressure CO2 
Re Reynolds number 
V volume 
We Weber number 
X loading as mole fraction (mole CO2/mole amine) 
superscripts 
 flow 
subscripts 
dr droplet 
l liquid 
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